decrease cognitive functioning, clinical performance, and resident quality of life while increasing the risk of accidents such as motor vehicle crashes and percutaneous injuries. [3] [4] [5] [6] 16, [21] [22] [23] [24] 28, 34 However, though duty-hour restrictions have increased resident quality of life, studies have shown mixed results with respect to patient outcomes. 7,10-14, 17,18,26,29,33,35-37 As duty-hour restrictions have increased the number of resident handoffs and reduced clinical experience due to decreased working hours, it is feared that the number of medical errors and complications may increase, resulting in worse patient outcomes. 15, 18, 19, 25, 27 In this study, we evaluated the effect of duty-hour restrictions on morbidity and mortality rates in patients who underwent brain tumor and cerebrovascular procedures. Additionally, we also examined the effect on length of stay (LOS) and health care costs to determine whether work hour restrictions have not only negatively affected patient outcomes but have also increased the burden on the health care system. We hypothesized that there would be a significant increase in intraoperative and postoperative complications in teaching hospitals following duty hour reform, reflecting the impact on resident operative and clinical management skills.
Methods

Data Source
Patient-related characteristics, hospital details, and International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) procedure and diagnosis codes were obtained from the Nationwide Inpatient Sample (NIS) database. The NIS has collected discharge data for approximately 8 million hospital admissions across 1000 hospitals in 45 states annually from 1988 to 2010. It is considered one of the largest publicly available all-payer inpatient databases representative of the US population and provides a unique opportunity to study and quantify policy decisions.
Study Sample
Patients with a diagnosis related to brain tumors (n = 75,334) and cerebrovascular disease (n = 15,314) were included in the analysis (Table 1 ). Brain tumor patients included those who underwent a cranial procedure related to malignant, benign, or uncertain neoplasms of the brain; pituitary gland; pineal gland; craniopharyngeal duct; choroid plexus; and/or other parts of the CNS. Additionally, patients who underwent excision of vestibular schwannomas were included. Cerebrovascular patients were defined as those who underwent clipping of an aneurysm or an extracranial-intracranial bypass. Those who underwent endovascular procedures were not included as these cases do not entail the same postoperative complication risk as open cranial surgeries. Additionally, as fellows and attending physicians typically perform these procedures, they are likely minimally affected by differences in resident training.
Select years were chosen to evaluate the restriction of resident work hours implemented nationally in July 2003. Patients admitted during January 1, 2000, to December 31, 2002, were chosen to represent the pre-duty hour restriction population. Post-duty hour restriction admissions included those from January 1, 2005, to December 31, 2008. The years 2003 and 2004 were excluded as this is considered a transitional period for the implementation of work hour restrictions. Additional analyses with multivariate models utilizing different time period cutoffs supported the use of the chosen time points.
Covariates
The multivariate analyses accounted for both patient and hospital covariates. Patient variables included age at admission, sex, primary payer status, patient median income, and Charlson Comorbidity Index (CCI), a measure of the burden of comorbidities. Hospital variables included hospital bedsize, hospital location and region, continuous hospital discharges, and hospital teaching status.
Main Outcome Measures
The primary outcomes in this study were perioperative mortality and complications. Complications included an accidental puncture or laceration, intra-or postoperative hematoma, medical care or postoperative nervous system complication, postoperative respiratory complications such as pulmonary embolism, cardiac complications such as acute myocardial infarction, a foreign body inadvertently left in the wound, misadministration of medication, peripheral vascular complications, complications of the operative wound, postoperative infection, CSF leak, carotid or vertebral artery injury, and/or injury to cranial or sympathetic nerves (Table 1) . We also examined the LOS and inpatient costs inflated to 2009 dollars with the Consumer Price Index. All outcome measures were compared between patients in the pre-and post-duty hour eras to evaluate the impact of work hour restrictions on patient outcome.
Statistical Analysis
The policy change to restrict resident work hours can be modeled with a quasi-experimental method, often referred to as the difference-in-differences (DID) method. The method compares the differences in outcomes before and after an intervention in 2 groups. One group acts as a control and is assumed to be unaffected by the intervention. The primary analysis for this study tested the association of time period (pre-and post-duty hour restrictions) with 4 different outcomes using nonteaching hospitals as a control. This was performed for all outcomes to evaluate the differences in risk change between nonteaching and teaching hospitals.
A generalized linear mixed effects model was constructed for each of the following 4 outcomes: mortality, binary complications, LOS in days, and continuous patient charges. Appropriate link functions were selected for each outcome. Mortality and complications used a logit link function, LOS used a Poisson link, and patient charges used a log normal link to adjust for the structure and distribution of the outcomes. Each model included continuous age at admission, hospital discharges, and time of admission in years and months. Categorical covariates in-cluded sex, CCI, primary payer status, patient median income, hospital bedsize, hospital location, region, hospital teaching status, and a time period indicator for pre-and post-work hour restrictions. To adjust for the correlation between patients from the same hospital, a random inter-cept was included in all models. Lastly, an interaction between teaching status and time period was included.
This method accounts for improvements in the standard of care and natural increases in health care cost by assuming a common linear trend across time. Models 
Results
Patient Cohort
A total of 90,648 patients were included in the analysis, consisting of 36,685 (40.5%) from the pre-duty hour restriction era and 53,963 (59.5%) from the post-duty hour restriction era (Tables 2 and 3 ). The nonteaching hospital cohort consisted of 18,606 patients, while the teaching institution cohort comprised 72,026 patients (Tables 4-7). Patients treated for brain tumors included 29,475 and 45,912 patients in the pre-and post-duty hour cohorts, respectively. The cerebrovascular cohort consisted of 7245 treated in the pre-work hour era and 8083 treated in the post-work hour era. Various patient and hospital variables differed significantly between those in the overall pre-and post-duty hour restriction cohorts due to the large sample collected (Table 3 ). However, examination of the estimates did not indicate major imbalances between the 2 groups.
Complications
The overall complication rate was 11.7%, with the rates not significantly differing between the pre-and post-duty hour eras (11.9% vs 11.6%, p = 0.26) ( Table 2 ). Examination of hospital teaching status revealed complication rates to decrease in nonteaching hospitals (12.1% vs 10.4%, p = 0.0004) while remaining stable in teaching institutions (11.8% vs 11.9%, p = 0.73) in the post-reform era ( Tables  6 and 7 ). Brain tumor patients experienced a similar complication rate in nonteaching hospitals (10.6% vs 9.9%, p = 0.13) but more complications in teaching hospitals (10.4% vs 11.0%, p = 0.013) in the post-reform era. The complication rate for cerebrovascular patients did not significantly differ in the post-duty hour reform era in nonteaching (18.2% vs 15.9%, p = 0.14) or teaching (17.7% vs 16.5%, p = 0.076) hospitals, though they trended to be lower.
The most common complications were postoperative nervous system complications (2.6%), carotid or vertebral artery injuries (2.4%), and dysphagia (1.8%) ( Table 8 ). In nonteaching hospitals, the incidence of therapeutic misadventures and operative wound complications increased in the post-reform era, while the incidence of hematomas, postoperative respiratory complications, and other specified complications decreased ( Table 9 ). Examination of teaching hospitals revealed a significant decrease in the incidence of postoperative respiratory complications, other specified complications, and dysphagia, while there was an increase in medical care or postoperative nervous system complications, foreign body left in wound incidents, therapeutic misadventures, and operative wound complications (Table 10) .
Multivariate logistic regression of complications revealed year of admission, CCI, primary payer, hospital region, and time period to significantly affect the risk of postoperative complications (Table 11 ). Teaching status was not seen to impact the likelihood of complications. However, examination of the duty-hour-restriction effect given teaching status revealed a significantly higher complication risk in teaching institutions (OR 1.33 [95% CI 1.11-1.59], p = 0.0022), with no significant change in nonteaching hospitals (OR 1.11 [95% CI 0.91-1.37], p = 0.31) ( Table 12 ). The DID analysis to compare the magnitude in change between teaching and nonteaching institutions revealed that teaching hospitals had a significantly greater increase in complications during the post-reform era than nonteaching hospitals (p = 0.040). These trends occurred in both brain tumor and cerebrovascular cohorts. 
Mortality
The overall mortality rate was 3.0%, with a significant decrease occurring in the post-reform era in both nonteaching (5.0% vs 3.2%, p < 0.0001) and teaching (3.2% vs 2.3%, p < 0.0001) hospitals (Tables 2, 6, and  7) . This effect was seen in all brain tumor and cerebrovascular cohorts with the exception of cerebrovascular patients treated at nonteaching hospitals in which no significant decrease was seen.
Multivariate logistic regression of mortality revealed age, sex, CCI, primary payer, and median income to significantly affect mortality risk (Table 13 ). While teaching status was significantly associated with a decreased risk of mortality (OR 0.85 [95% CI 0.74-0.97], p = 0.019), the post-reform period did not significantly affect this risk (Table 12 ). This effect in teaching institutions was not significant (OR 0.83 [95% CI 0.62-1.12], p = 0.18). The DID analysis to compare the changes in mortality between groups did not reveal a significant difference (p = 0.40).
Length of Stay
The mean length of stay for all patients was 8.7 days, with hospital stay decreasing from 9.2 days to 8.3 days in the post-reform era (p < 0.0001) ( Table 2) . A significant decrease in LOS was seen in brain tumor and cerebrovascular patients treated at both nonteaching and teaching hospitals. Multivariate Poisson regression demonstrated that age, sex, primary payer, CCI, hospital size and region, number of discharges, median income, and complication count significantly affected the LOS (Table 14) . Teaching status was associated with an increased LOS (relative risk [RR] 1.13 [95% CI 1.04-1.22], p = 0.0025) while the post-reform era was associated with decreased patient stay (RR 0.92 [95% CI 0.86-0.99], p = 0.023). Analysis of the impact of duty-hour restrictions on LOS in teaching hospitals revealed a decrease in the LOS, which approached significance (RR 0.93 [95% CI 0.87-1.00], p = 0.062), with a more significant decrease occurring in nonteaching hospitals (RR 0.87 [95% CI 0.80-0.95], p = 0.0022) ( Table 12 ). The DID analysis to compare the differences in change between teaching and nonteaching hospitals revealed a greater decrease in nonteaching hospitals, which approached significance (p = 0.055). 
Health Care Cost
Patient charges significantly increased in the postreform era for all patients, increasing from $70,900 to $96,100 (p < 0.0001) ( Table 2 ). Costs increased from $58,200 to $83,000 for brain tumor patients (p < 0.0001) and from $123,400 to $171,600 for those undergoing cerebrovascular procedures (p < 0.0001). These changes occurred in both nonteaching and teaching hospitals.
Multivariate log linear regression revealed year of admission, age, sex, CCI, primary payer, hospital region, median income, and complications to affect patient charges (Table 15 ). Teaching status and time period did not significantly affect total charges. Examination of the time period effect demonstrated an increase in charges in teaching hospitals, which trended toward significance (RR 1.07 [95% CI 1.00-1.14], p = 0.065), with no effect seen in nonteaching hospitals (RR 1.01 [95% CI 0.92-1.11], p = 0.79) ( Table 12 ). The DID analysis did not reveal a significant difference between the changes in charges between teaching and nonteaching hospitals (p = 0.17). These trends were seen in brain tumor and cerebrovascular patients.
Discussion
Duty-hour restrictions were implemented to improve resident safety and quality of life by limiting work hours. This reduction in work demands were intended to reduce resident fatigue and sleep deprivation, thereby also potentially reducing medical errors. However, the effects of these work hour restrictions on patient outcomes have been unclear as some studies have shown improvements in mortality and morbidity while others have shown no change or significantly worse outcomes. 7, 10, 11, 13, 14, 17, 29, [35] [36] [37] In this study, we have analyzed a large cohort of patients to examine the effect of these restrictions on complications, mortality, LOS, and health care costs following cranial surgery for brain tumors and cerebrovascular disorders. Previous studies have shown the effects of work hour restrictions on patient outcomes to vary by patient population. An analysis of mortality among Medicare patients following hospitalization for medical and surgical conditions demonstrated similar outcomes in the pre-and post-duty hour eras. 36 However a similar analysis of patients in the Veterans Affairs health care system showed significantly decreased odds of mortality for medical patients in post-reform Year 2, while there was no significant reduction in mortality for surgical patients. 35 Other studies have also demonstrated improvements in mortality for medical patients but not in surgical patients, indicating that duty-hour restrictions may have been beneficial in the management of nonsurgical patients. 30 Poorer outcomes in surgical patients following duty hour reform may be due to a variety of factors. Reduced work time may have resulted in less resident experience with managing acute complications that may occur in the immediate postoperative period and critically ill trauma patients. Also, these duty-hour restrictions may have led to less operative time, resulting in poorer operative skills. However, the effects of these restrictions on operative volume is unclear as some surgical specialties have experienced an increase in resident operative volume while others have noticed unchanged or decreased volume. 31, 32 While studies from a variety of surgical specialties have demonstrated worse outcomes following duty hour reform, few have evaluated outcomes following neurosurgical procedures. 7, 9, 10, 13, 17 The analysis of neurosurgical procedures provides unique insights into the effects of duty hour reform. First, neurosurgical training differs from other specialties as procedures are generally highly technical and require considerable exposure for the development of adequate surgical skills. Second, neurosurgical patients are frequently critically ill and may experience significant morbidity following extensive procedures. These patients thus require close monitoring and prompt management for conditions such as postoperative intracerebral hemorrhage and cerebral swelling. Finally, neurosurgical training programs are among the smallest of all specialties, thereby placing significant responsibilities on each resident to manage a number of complex patients. In recognition of the added difficulty placed by duty hour reform, neurosurgery residents and program directors have concluded that duty hour guidelines have adversely affected resident training and continuity of care. 8, 19 Current studies evaluating neurosurgical procedures have uniformly demonstrated poorer outcomes in the postreform era. One study that evaluated outcomes following the implementation of work hour restrictions in a single institution demonstrated significantly more avoidable morbidities in the post-reform era (p = 0.017). 9 Another study that examined neurosurgical trauma patients using the NIS database also demonstrated a significantly higher risk of complications following reform in teaching hospitals, while there was no difference in nonteaching hospitals. 17 However, that study did not perform a DID analysis to compare the magnitudes in change between teaching and nonteaching hospitals, making the proposed outcomes un-certain. Finally, another study that evaluated patients who underwent craniotomy for meningiomas demonstrated increased complications in patients treated after 2003. 10 However, the multivariate analysis only accounted for a limited number of covariates, and other outcomes such as mortality and health care costs were not examined. In this study, we have comprehensively analyzed a variety of patient outcomes following brain tumor and cerebrovascular neurosurgical procedures. Additionally, we have used rigorous statistical analyses to compare the changes in outcomes between teaching and nonteaching hospitals. Evaluation of postoperative complications revealed a significantly greater increase in complications in the post-reform era in teaching institutions (p = 0.040). Analysis of complication type revealed work hour reform to potentially affect both resident operative and postoperative care skills. Significant increases were seen in the incidence of operative wound complications and incidents involving foreign bodies being left in the wound in teaching institutions. However, as operative wound complications also increased in the nonteaching cohort, it is unclear whether these complications are a result of reduced resident operative experience. It may be expected that intraoperative complications be unaffected by work hour reform as residents typically do not have a primary role in these procedures. As they typically function as assistants, they may only minimally affect intraoperative outcomes. The incidence of medical care or postoperative nervous system complications and therapeutic misadventures also significantly increased following reform. Although a rise in the incidence of the latter was also seen in nonteaching hospitals, the former may be due to postoperative management errors. Examination of mortality revealed duty-hour restrictions to result in a nonsignificant decrease in mortality risk in teaching and nonteaching hospitals. Though this difference trended toward significance in nonteaching hospitals (p = 0.086), DID analysis did not reveal a significant difference between the groups (p = 0.40). The post-duty hour reform era was seen to result in a decrease in patient stay in teaching (p = 0.062) and nonteaching (p = 0.0022) hospitals. The DID analysis revealed a greater decrease in nonteaching hospitals, though this did not reach significance (p = 0.055). Patient charges were seen to rise in both teaching and nonteaching hospitals in the post-reform era. However, DID analysis did not reveal a significant difference between cohorts (p = 0.17). This study has evaluated a large cohort of patients who underwent brain tumor and cerebrovascular procedures to examine patient outcomes and help elucidate the potential causes for the resulting outcomes. However, this study has several limitations. Firstly, as with all large administrative databases, miscoding may be present. This bias would affect all groups of patients equally and are thus likely to be uniformly distributed. However, there may be coding and documentation differences between teaching and nonteaching hospitals, which may affect the incidences of complications in each group. Second, this study does not imply causality, but rather has demonstrated an association. Third, the NIS does not contain clinical variables such as patient neurological status, which may affect patient outcome and confound the results. Similarly, we could not control for surgery complexity. As teaching hospitals are referral centers and may perform more complex surgeries than nonteaching hospitals, this group may be biased toward worse outcomes. The increasing complication rate seen in teaching hospitals may therefore be reflective of increasing surgical complexity and changes in referral patterns. However, we evaluated the effect of duty-hour restrictions on each hospital type individually, and then compared these outcomes using DID analysis. As the patient population in teaching and nonteaching hospitals before and after duty-hour restrictions has likely remained relatively similar, the effect of changes in surgical complexity may be minimal. Also due to advancements in medical and neurosurgical care, it is possible that both teaching and nonteaching hospitals have experienced a greater increase in surgery complexity. Fourth, variables such as the number of residents, adherence to the duty hour guidelines, and presence of ancillary clinical staff (nurse practitioners and physician assistants) is not present in the database and thus could not be controlled. Fifth, the NIS database only records inhospital complications and mortality; thus, any adverse outcomes occurring after discharge could not be included in the analysis. Finally, some analyses may be affected by Type II error or may be overpowered, resulting in differences in significance despite similar magnitudes in change. As a result, clinical significance should be considered when evaluating changes in patient outcomes. Nonetheless, this study has evaluated a large cohort of brain tumor and cerebrovascular patients and has used rigorous statistical analyses to demonstrate significantly higher complications in teaching institutions in the postreform era.
Conclusions
The implementation of duty-hour restrictions correlated with an increased risk of postoperative complications for patients undergoing neurosurgical procedures. Additionally, though not significant, mortality, LOS, and patient charges tended to be higher in teaching institu- tions than in nonteaching hospitals. Duty hour reform may therefore be associated with worse patient outcomes, contrary to its intended purpose. While medical patients have experienced improved outcomes following duty hour reform, the negative effect on surgical patients deserves greater focus. These often more ill patients require health care providers with substantial clinical experience. As residents provide the majority of the postoperative care received by surgical patients, adequate exposure to procedures and complications during training is essential for the creation of highly skilled clinicians who will become the leaders in their respective fields. Any further limit placed on work hours is likely to increase the risk of worsening patient outcomes as evidenced by increased mortality and complications in Switzerland following the implementation of a 50-hour work week limit. 20 Because of the critical condition of many neurosurgical patients, this patient population is most sensitive and more likely to be negatively affected by proposed future increased restrictions. Creative strategies that reduce the negative consequences of work hour reform are therefore needed to ensure delivery of continued high-quality health care.
